WRKY transcription factors have been extensively characterized in the past 20 years, but in wheat, studies on WRKY genes and their function are lagging behind many other species. To explore the function of wheat WRKY genes, we identified a TaWRKY68 gene from a common wheat cultivar. It encodes a protein comprising 313 amino acids which harbors 19 conserved motifs or active sites. Gene expression patterns were determined by analyzing microarray data of TaWRKY68 in wheat and of orthologous genes from maize, rice and barley using Genevestigator. TaWRKY68 orthologs were identified and clustered using DELTA-BLAST and COBALT programs available at NCBI. The results showed that these genes, which are expressed in all tissues tested, had relatively higher levels in the roots and were up-regulated in response to biotic stresses. Bioinformatics results were confirmed by RT-PCR experiments using wheat plants infected by Agrobacterium tumefaciens and Blumeria graminis, or treated with Deoxynivalenol, a Fusarium graminearum-induced mycotoxin in wheat or barley. In summary, TaWRKY68 functions differ during plant developmental stages and might be representing a hub gene function in wheat responses to various biotic stresses. It was also found that including data from major cereal genes in the bioinformatics analysis gave more accurate and comprehensive predictions of wheat gene functions.
Introduction
WRKY transcription factors play important roles in various biological processes, such as plant growth and development and responses to stress. WRKY proteins are defined by one or two WRKY domains, which consist of about 60 highly conserved amino acids with WRKYGQK in the N-terminus and a zinc-finger pattern C-Xn-C-Xn-H-X-H/C in the C-terminus (Rushton et al., 1996; Eulgem et al., 2000) . WRKY proteins regulate gene expression through binding to the W-BOX motif TTGACC/T in gene promoters (Eulgem et al., 2000; Rushton et al., 2010) .
The first WRKY gene was isolated from Ipomoea batatas and was named SWEET POTATO FACTOR1 (SPF1) with a potential role in regulating gene expression by sucrose (Ishiguro and Nakamura, 1994) . In another study, two WRKY proteins from wild oat, ABF1 and ABF2, were found to bind to the W-BOX region of the a-amylase gene promoter. Rushton et al. (1996) coined the name WRKY proteins and identified WRKY1, WRKY2 and WRKY3 genes from parsley, involved in plant responses to pathogens. Since then, many WRKY members have been identified in different plant species, including wheat. Wu et al. (2008) cloned 15 wheat WRKY genes based on WRKY sequences from rice and analyzed gene expression patterns under environmental stresses. Other studies showed that TaWRKY78, WRKY2 and WRKY19 can enhance plant tolerance to biotic and abiotic stresses (Proietti et al., 2011; Niu et al., 2012) .
Bioinformatics tools have been successfully used for the classification and evolutionary analysis of WRKY genes in plants (Eulgem et al., 2000; Ross et al., 2007) . As for the prediction of gene function, many bioinformatics studies have linked genes of interest with published homologous genes, or have analyzed gene expression profiles from microarray samples under different conditions within the same species (Persson et al., 2005) . But these methods are not applicable when homologous genes have not been identified or microarray samples are lacking, especially for genes from wheat , for which little genetic and genomic resources are available.
Genevestigator (Zimmermann et al., 2004; Hruz et al., 2008) provides an online platform to access large and well-annotated datasets of curated microarray samples testing thousands of genes. Expression patterns of individual genes under different conditions can be retrieved to provide deep insight into gene function. The expression signal of genes of interest is the average of gene expression levels across many samples sharing the same biological context. Therefore, the Genevestigator platform is a powerful bioinformatics tool for functional analysis of any gene that has corresponding probes in the Genevestigator database.
Here we cloned the wheat TaWRKY68 gene and used the sequence for BLAST queries in the NCBI database to obtain homologous genes from monocot plant species included in the Genevestigator database. Next, the expression profiles of TaWRKY68 and its homologs were analyzed under a much broader range of treatments and developmental stages using the Genevestigator tools. RT-PCR was then carried out to validate the results from the bioinformatic analysis. This study provides key clues in understanding the roles of TaWRKY68 gene in wheat.
Material and Methods

Cloning of the TaWRKY68 gene
Total RNA was extracted from fresh leaves of wheat cultivar Yangmai 158 and then reverse transcribed to cDNA using the Invitrogen Superscript III transcriptase kit (Invitrogen). PCR reaction mixtures of 20 ul reaction volume contained: 1 mL of cDNA, 1x Phusion HF Buffer, 200 mM dNTP mix, 0.5 mM gene specific primers, 1 U/50 mL Phusion DNA polymerase, 3% DMSO, and water. PCR parameters for TaWRKY68 amplification were: 98°C for 1 min, 35 cycles of 98°C for 20 s, 61°C for 20 s and 72°C for 1min 40s, and a final extension step of 72°C for 10 min. TaWRKY68 primers, designed based on the coding sequence of the TaWRKY68 gene using DNAMAN software, were: Forward primer: 5'AGC GAG CCA AGA TCT GCA GAG T, Reverse primer: 5'AAC TAA GTC AGA CGT GCC CGT TG (Wu et al., 2008) . The cDNA fragment of TaWRKY68 was then cloned into pGEM-T Easy vector (Promega) for confirmation by sequencing.
Homologous genes from main crops
The CDD (Conserved Domains Database) and Prosite databases were used to search for conserved motifs. The protein sequence of TaWRKY68 was submitted to a CD search in the CDD database (NCBI), and to a Motif Scan procedure in Myhits, with Prosite databases selected.
The TaWRKY68 sequence was used in BLASTP queries against the NCBI database and was aligned with the NR (Non-redundancy protein sequences) database using the newly developed algorithm DELTA-BLAST (Domain Enhanced Lookup Time Accelerated BLAST). Homologous genes from wheat and some well sequenced monocot plants (barley, Brachypodium, maize, sorghum and rice) were selected for further analysis.
Phylogenetic analysis
Sequences of homologous genes were submitted to the COBALT (Constraint-based Multiple Protein Alignment Tool)program for multiple alignment. Alignment results were then imported to Geneious software to construct a phylogenetic tree using the Neighbour-Joining method.
Expression profiles
Affymetrix probe IDs corresponding to the homologous genes were identified from wheat, barley, rice and maize using the BLAST tool NetAffx in the Affymetrix website. Their expression profiles were analyzed by submitting probe IDs to the corresponding organism databases in the Genevestigator online search engine. Gene function under different conditions (anatomy, development and treatments) could be revealed through this online bioinformatics tool. In order to maximize comparability, all experimental data from users were normalized using Affymetrix MAS 5.0 software. Signal intensities and P values were collected for each hybridized Affymetrix GeneChip array (Zimmermann et al., 2004) .
Experimental validation of bioinformatics analyses
Roots, leaves and spikelets in the booting and seedling stages and stems in booting stage were sampled from wheat cultivar Yangmai 158 for spatio-temporal expression analysis. Inflorescences of wheat cultivar Yangmai 158 susceptible to Fusarium Head Blight fungus were dipped into Deoxynivalenol solution (0.2mg/mL) (Gardiner et al., 2010) and sampled at 2, 6 and 10 h. Seedlings at the six-leaf stage were treated with Agrobaterium tumefaciens strain EHA105 for 1.5 h following a simplified method for Agrobacterium-mediated transformation of Arabidopsis thaliana (Clough and Bent, 1998) . The leaves of the seedlings were cut into pieces at 1, 6 and 12 h, respectively, and were collected randomly. Seedlings from the two-leaf stage of wheat cultivar Jingdong 8, which is susceptible to powdery mildew fungus, were inoculated with Blumeria graminis f. sp. tritici (Bgt) isolate E09, and leaves were sampled at 12 h after the inoculation. Mock-treated materials of wheat plants were collected, and water control for DNA contamination was used in this work.
All samples were subjected to total RNA extraction and reverse transcription for cDNA synthesis. Amplification of TaWRKY 68 was carried out in a 10 mL of reaction mix consisting of: 1x Phusion HF Buffer, 200 mM dNTP mix, 0.5 mM gene specific primers, 1 U/50 mL Phusion DNA polymerase (New England Biolabs, Inc), 3% DMSO, 74 Ding et al.
cDNA and water. The amplification of TaWRKY68 was done using the same primers described for cloning the gene. The reaction mix for the endogenous control gene b-Actin (TaACTIN) was: 1x reaction Buffer, 200 mM dNTP mix, 0.5 mM gene specific primers, 5 U/mL Taq DNA polymerase, cDNA and water. The PCR protocol for TaACTIN was: 94°C for 10 min, 25 cycles of 95°C for 30 s, 58°C for 30 s and 72°C for 40 s, and a final extension step of 72°C for 10min. The TaACTIN primer sequences were as follows: Forward primer:GGAATCCATGAGACCACCTAC, Reverse Primer: GACCCAGACAACTCGCAAC. Each experiment was conducted with two biological repeats and at least two technical repeats, and apmplification products were visualized by ethidium bromide staining in gels.
Results
TaWRKY68 was cloned from fresh leaves of wheat cultivar Yangmai158, and the size of its cDNA fragment was 996 bp (Figure 1 ). BLAST analysis indicated that TaWRKY68 shares 91% and 99% similarity (Figure 2 ) in DNA sequence with TaWRKY68-a and TaWRKY68-b, respectively. The similarity values in protein sequence were 91% and 98% respectively (Figure 3 ). This newly cloned gene is, thus, an allelic variant of TaWRKY68-a and TaWRKY68-b.
Sequence features are the foundation of biological functions of genes. Therefore, we identified conserved domains, motifs and active sites by searching the Prosite and Pfam databases using the TaWRKY68 sequence as a query. This analysis predicted 19 sequence features for TaWRKY68. Six conserved domains or motifs were identified including the WRKY domain, a Plant Zinc Clust domain, a Pro_Rich region, a Met_Rich region, a Nuclear Localization Signal (NLS) and a Filamin domain (Figure 4 ). Thirteen active sites were detected, including two CK2_Phospho_Sites, six PKC_Phospho_Sites, two Asn_Glycosylation sites, one Microbodies_Cter signal and two Myristyle sites. These features are related to subcellular localization, signal transduction, transcriptional regulation and protein interaction, and build a basis for TaWRKY68 function. To expand the available resources for the prediction of the TaWRKY68 gene function, we searched for homologous genes in the NCBI databases using the newly developed DELTA-BLAST tool. Genes from sequenced monocot species (rice, maize, sorghum, barley and Brachypodium) were selected for multi-alignment using the COBALT tool and establishing a phylogenetic tree based on the Neighbour-Joining method. The results showed that the six proteins can be classified into three groups: one group with TaWRKY68, HvWRKY7 and BdWRKY11-like, another group including ZmWRKY68 and SbWRKY68, and OsWRKY68 which out-grouped from the other proteins ( Figure 5 ), this clearly showing protein relationships based on sequence similarity.
Because homologous genes share high similarity in sequence, they can also be expected to function in a similar way. This means that gene expression data from homologous genes could provide more evidence for functional predictions of TaWRKY68. Genevestigator online tools collect high quality gene expression data including those from monocot plants, such as wheat, barley, maize and rice. Sequences obtained from the phylogenetic analysis were used to query the Affymetrix probeset database and probes were identified as follows: TaAffx.128870.1.S1_at (TaWRKY68, E-value 0.0; Score 795), Contig7798_at (HvWRKY7, E-value 0.0; Score 880), Zm.4272.1.S1_at (ZmWRKY68, E-value 0.0; Score 1301), and Os.49549.1.S1_at (OsWRKY68, E-value 0.0; Score 2179).
Genevestigator analysis with these probes revealed similar spatio-temporal expression patterns among TaWRKY68 and homologous genes. The genes were expressed in roots, leaves and flowers, but the expression levels in roots were higher than in other tissues ( Figure 6 ). To verify the results from the Genevestigator analysis, we carried out RT-PCR tests using wheat leaves, roots and inflorescences. The RT-PCR results showed that TaWRKY 68 was expressed in all the samples, with the highest level in wheat roots (Figure 7) , which was consistent with the bioinformatic analysis.
To clarify the role of TaWRKY68 in plant responses to environmental stimuli, we analyzed gene expression profiles in wheat, barley, rice and maize under various environmental conditions using Genevestigator tools. Genes with a threshold of three-fold expression level change and a 0.01 statistically significant difference were filtered as responding to the respective environmental condition. The results showed that these genes were up-regulated by some biotic stresses (Agrobacterium tumefaciens and Magnaporthe grisea) or elicitor (Deoxynivalenol) ( Table 1 ), indicating that WRKY 68 genes could play important roles in plant responses to biotic stresses. In addition, WRKY68 genes might also be involved in plant responses to abiotic stresses because the expression change of TaWRKY68 (fold change of 2.93, p value = 0.002) nearly approached the threshold in wheat challenged by drought treatment (Ergen et al., 2009 ). We then conducted RT-PCR tests to validate the results from the Genevestigator analysis. TaWRKY68 expression increased after Deoxynivalenol treatment and reached maximal mRNA levels after 10 h of treatment ( Figure 8A ). The infection of cells by Agrobacterium tumefaciens stimulated TaWRKY68 expression in wheat cultivar Yangmai 158, and TaWRKY68 mRNA reached its highest level at 12 h ( Figure 8B ). Similarly, the expression level of TaWRKY68 was increased 12 h after infection with Blumeria graminis ( Figure 8C ). Because biotic stresses were applied through spores or in water solutions, the mock treatments showed no difference from treatments at 0 h in each experiment.
Discussion
WRKY transcription factors have a conserved WRKY domain and play important roles in plant growth and development and in responses to environmental stimuli (Eulgem et al., 2000; Rushton et al., 2010) . WRKY genes have been cloned from various species including wheat. Wu et al. (2008) cloned 15 wheat WRKY genes and, using RT-PCR validation, found that wheat WRKY genes are involved in abiotic stresses and in leaf senescence. Talanova et al. (2009) identified three wheat WRKY genes, Wcor15, Wrab17, and Wrab19, whose expression patterns were significantly altered after cold treatment. Another study on wheat WRKY genes demonstrated that overexpression of two other wheat genes, TaWRKY2 and TaWRKY19, in Arabidopsis plants enhanced plant tolerance to salt, drought and freezing stresses (Niu et al., 2012) . These results revealed the importance of WRKY genes in wheat responses to abiotic stresses. Nonetheless, WRKY genes function in wheat responses to biotic stresses are still largely elusive. In this study, we cloned the TaWRKY68 TaWRKY68 gene function and biotic stress 77 
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Magnaporthe infection (4.26) Ribot et al. (2008) gene and analyzed sequence features and expression patterns of TaWRKY68 and orthologous genes under different conditions and developmental stages using bioinformatic tools, and found that the TaWRKY68 gene might play important roles in wheat responses to biotic stresses. Amino acid sequences contain important information for protein function. Therefore, the analysis of sequence features is a key step for the prediction and clarification of protein function. We found that TaWRKY68 has 19 sequence features including 6 domains/motifs and 13 active sites: NLS (nuclear Localization Signal) peptides, which lead proteins to the cell nucleus; WRKY domains, which bind WRKY proteins to the W-box motif in the promoter of target genes for transcription regulation; Plant Zinc Cluster domains which function in association with WRKY domains; filamin repeats, which are related to a kind of actinbinding protein (Noegel et al., 1989) . Based on the results actin might be a potential player in WRKY-regulated gene transcription, which is consistent with the evidence that nuclear actin interacts with the RNA polymerase for gene transcription (Ye et al., 2008) . Proline-rich motifs are reported to bind with actin and are crucial for protein-protein interactions, Methionine-rich motifs are believed to bind with virus ribonucleoprotein (RNP) and to mediate export of the viral RNA complex from the infected cell nucleus to the cytoplasm, Microbodies_Cter is a microbody targeting signal mostly residing in proteins of peroxisomes and other microbodies (Gould et al., 1988; Yanai et al., 2006) . The function of glycan sites varies from structural roles to participation in molecular trafficking, self-recognition and clearance (Marino et al., 2010) . Protein kinases play important roles in signal transduction pathways, so TaWRKY68 could be a component (substrate) in a kinase mediated signal pathway. There are two Myristyl sites in TaWRKY68 which could function during TaWRKY68-mediated gene responses to stresses, as myristoylation sites play a vital role in membrane targeting and signal transduction in plant responses to environmental stresses (Podell and Gribskov, 2004) .
Sequence is the prime determining factor of function (Eisen, 1998) . Homologous genes with similar sequence are likely to have equivalent functions and to play the same functional role in equivalent biological processes. So it is very important to identify homologous genes, especially those which are supported by experimental data. Therefore, we carried out a homologous gene search using the newly developed DELTA blast program, which establishes alignment constraints based on conserved domain RPS blast. A phylogenetic tree from the COBALT alignment of these genes was then constructed. The results showed that TaWRKY68 has a close relationship with orthologous genes from barley and Brachypodium. Genes from sorghum and maize shared the closest similarity, while OsWRKY68 from rice was out-grouped from other monocot plants. Our study fits well with related studies (Bossolini et al., 2007; Bauer et al., 2011) and provides the evidence for the utility of DELTA blast and COBALT for phylogenetic analysis.
There is very high correlation between sequence similarity and functional similarity (Louie et al., 2009 ). So homologous genes identified by the phylogenetic analysis mentioned above are expected to share similar functions in different species. Therefore, we analyzed expression data of these genes using Genevestigator to explore the extensive information for the prediction of TaWRKY68 function. The results revealed that TaWRKY68 showed similar spatial and temporal expression patterns to those of orthologous genes in barley, rice and maize, and our RT-PCR results were perfectly consistent with the Genevestigator analysis. TaWRKY68 expression in roots was higher than in leaves and inflorescences (Figure 7) , a finding that enriches our knowledge on expression patterns of the TaWRKY68 gene, because Wu et al. (2008) only measured mRNA levels of TaWRKY68-a and TaWRKY68-b in leaves.
As for gene expression under environmental stresses, Wu et al. (2008) found that TaWRKY68-a responded to PEG application that stimulates plant drought responses. By querying the wheat microarray data from Ergen et al. (2009) using the TaWRKY68 probe, we found that the TaWRKY68 gene was upregulated by 2.93 times under drought stress. Moreover, Genevestigator analysis also found that HvWRKY7 and OsWRKY68 genes, which are orthologs of TaWRKY68, were up-regulated more than three fold under the influence of pathogens and an elicitor. As expected, the RT-PCR results revealed that the mRNA level of TaWRKY68 increased following the application of Deoxynivalenol, a mycotoxin that accumulates after plants are infected by Fusarium graminearum (Gardiner et al., 2010) , and the infections by Agrobacterium tumefaciens and Blumeria graminis. These results further supported our 78 Ding et al. hypothesis that TaWRKY68 gene is involved in wheat responses to both abiotic and biotic stresses.
In conclusion, TaWRKY68 is involved in wheat growth and development and might function as a sharing signal component in wheat responses to various biotic stresses. Sequence features harbored in the protein could provide essential information for clarifying the working model of TaWRKY68 gene. Although homology may not mean conservation in function (Rhee et al., 2006) and bioinformatics results from orthologous genes need to be cautiously validated through laboratory experiments, bioinformatics analyses with massive data resources of orthologous cereal genes did provide significant clues for characterization of gene functions and open a bright prospect for studies on wheat genes.
